The infection of nonphagocytic host cells by Staphylococcus aureus and more particularly by small-colony variants (SCVs) may contribute to the persistence of this pathogen in the lungs of cystic fibrosis (CF) patients. The development of chronic infections is also thought to be facilitated by the proinflammatory status of CF airways induced by an activation of NF-B. The aim of this study was to compare the infection of non-CF and CF-like airway epithelial cells by S. aureus strains (normal and SCVs) and to determine the impact of the interaction between cystic fibrosis transmembrane conductance regulator (CFTR) and NF-B on the infection level of these cells by S. aureus. We developed an S. aureus infection model using polarized airway epithelial cells grown at the air-liquid interface and expressing short hairpin RNAs directed against CFTR to mimic the CF condition. A pair of genetically related CF coisolates with the normal and SCV phenotypes was characterized and used. Infection of both cell lines (non-CF and CF-like) was more productive with the SCV strain than with its normal counterpart. However, both normal and SCV strains infected more CF-like than non-CF cells. Accordingly, inhibition of CFTR function by CFTRinh-172 increased the S. aureus infection level. Experimental activation of NF-B also increased the level of infection of polarized pulmonary epithelial cells by S. aureus, an event that could be associated with that observed when CFTR function is inhibited or impaired. This study supports the hypothesis that the proinflammatory status of CF tissues facilitates the infection of pulmonary epithelial cells by S. aureus.
Cystic fibrosis (CF) is the most common lethal single-gene disease affecting Caucasians. This disorder is autosomal recessive and is caused by mutations affecting the function of the cystic fibrosis transmembrane conductance regulator (CFTR), which is a cyclic AMP (cAMP)-regulated chloride channel localized in the apical membrane of epithelial cells. The malfunction of CFTR has an impact on multiple systems and mainly affects the respiratory and the gastrointestinal tracts. Ultimately, the majority of patients with CF will succumb from respiratory failure subsequent to chronic bacterial infections (31, 48) . Pseudomonas aeruginosa and Staphylococcus aureus are currently the most common pulmonary pathogens in North American subjects with CF (7, 13) .
S. aureus is an important human pathogen which has the ability to cause both life-threatening diseases and chronic and difficult-to-treat infections of several organs and tissues (2, 20, 45) . One of the mechanisms thought to be involved in the development of chronic S. aureus infections is the ability to persist within nonphagocytic host cells, which confers to the bacterium protection against the immune system and the action of antibiotics (1, 6) . It was indeed observed that antibiotic treatments are often ineffective against S. aureus bacteria infecting CF lungs and are subsequently often associated with relapsing infections (19, 26) . These relapsing infections are thought to reemerge from bacteria persisting inside host cells (30) . Jarry and Cheung (23) suggested that the fate of intracellular S. aureus in CF epithelial cells may actually differ from that seen in non-CF cells. Consequently, the ability of S. aureus to persist within epithelial cells may represent an important factor contributing to the specific persistence of S. aureus in CF patients.
How CFTR malfunction promotes pulmonary infections is still not completely understood. It was argued that bacterial lung colonization may be facilitated by the proinflammatory status of CF tissues, and it was shown that dysfunctional CFTR is associated with an elevated level of NF-B-mediated interleukin-8 signaling in the airways (25, 49, 56, 58) . Recent studies convincingly demonstrated that CFTR is indeed a negative regulator of the NF-B-mediated innate immune response (22, 64) . Interestingly, it is now known that S. aureus can activate NF-B in airway epithelial cells (47) and that NF-B may influence the interaction between this bacterium and host cells (41, 66) . It is thus possible that the proinflammatory status induced through NF-B activity in CF airways encourages S. aureus intracellular infections and, consequently, the development of chronic infections.
Small-colony variants (SCVs) are bacteria often isolated from chronic infections, as in the case of lung infections in CF patients, but also from conditions such as osteomyelitis, septic arthritis, infection of orthopedic devices, and bovine mastitis (1, 38, 45) . SCVs are characterized by either a dysfunctional oxidative metabolism or a lack in thymidine biosynthesis, both causing an alteration in the expression of virulence factors, slower growth, and a loss of colony pigmentation (45) . Whereas normal strains usually repress cell surface proteins and express exoproteins when growing toward the stationary phase (40) , SCVs stably express SigB-dependent genes encoding cell surface proteins such as adhesins instead of activating the quorum-sensing-dependent agr system and producing exoproteins (38) . These differences in expression of virulence factors result in an increased ability to adhere to host components (36) and to form biofilm (34, 37) and should also be linked to the ability of SCVs to invade and persist within host cells (45, 53) .
The aim of this study was to develop and characterize an S. aureus infection model allowing the comparison of non-CF and CF-like polarized pulmonary epithelial cells as well as to verify the assumption that SCVs have a greater ability than normal S. aureus bacteria to infect these cell lines. We also studied the impact of the interaction between CFTR and NF-B on the infection level of polarized pulmonary epithelial cells by normal and SCV strains.
MATERIALS AND METHODS
Bacterial strains. The strains CF07-L, CF07-S, and CF1A-L were previously described (34, (36) (37) (38) . Briefly, CF07-L and CF07-S are genetically related S. aureus strains coisolated from a CF patient and have a normal phenotype and an SCV phenotype, respectively (37, 38) . The genetic relatedness of these two strains was previously demonstrated by multiple-locus variable-number tandemrepeat analysis (MLVA) (37) . Multilocus sequence typing (MLST) was additionally performed here using the procedure previously described (16) . Sequences for internal fragments of the arcC, aroE, glpF, gmk, pta, tpi, and yqiL housekeeping genes were obtained for CF07-L and CF07-S strains and submitted to the MLST homepage (http://www.mlst.net) in order to determine their sequence type (ST). CF1A-L was isolated from a CF patient and has a normal growth phenotype (37) .
Growth curves. Brain heart infusion (BHI) cultures inoculated at an A 600 of 0.1 were incubated at 35°C and 225 rpm. Samples were taken at different points in time for CFU determination by spreading 10-fold dilutions on Trypticase soy agar (TSA) plates (BD, Mississauga, ON, Canada). TSA plates were incubated at 35°C for 24 and 48 h before enumeration of colonies for CF07-L and CF07-S.
Hemolysis. Bacterial suspensions (0.5 McFarland standard) prepared for each strain were spotted (2 l) on Mueller-Hinton agar (BD) supplement with 5% horse blood (Oxoid, Nepean, ON, Canada). Hemolysis was observed after 24 h of incubation at 35°C.
qPCR. BHI broth cultures (A 600 of 0.1) were grown for 3 h at 35°C and 225 rpm. RNA extraction, cDNA synthesis, and quantitative PCR (qPCR) for the evaluation of asp23, fnbA, hld, and hla expression were performed as previously described (34, (36) (37) (38) . The relative expression ratios were calculated by using the cycle threshold (C T ) of the housekeeping gene gyrB (n-fold expression ϭ 2 Ϫ⌬CT , where ⌬C T represents the difference between the C T of the gene studied and the C T of gyrB for each strain).
Cell lines and growth conditions. The human airway epithelial cell line Calu-3 (ATCC HTB 55) and its derivatives were cultured in Eagle's minimum essential medium supplemented with 0.1 mM minimum essential medium nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 2.5 g/ml of amphotericin B (Fungizone), and 10% fetal bovine serum (FBS) at 37°C in 5% CO 2 . In order to compare non-CF and CF-like cells in the Calu-3 background, we used the stable cell lines expressing shCFTR ALTER or shCFTR short hairpin RNAs (shRNAs) (42) . shCFTR ALTER cells act as the control that expresses a short hairpin RNA (shRNA) that does not match nucleotide sequences from any known cloned cellular proteins, whereas shCFTR cells express an shRNA directed against CFTR. For routine culture of shCFTR ALTER and shCFTR cell lines, 4 g/ml of puromycin was added to the culture medium. All cell culture reagents were purchased from Wisent (StBruno, QC, Canada).
TEER measurements. Transepithelial electrical resistance (TEER) measurements were done by using chopstick electrodes and an EVOM voltohmmeter (World Precision Instruments, Sarasota, FL) on cells grown at the air-liquid interface in Transwell plates (Corning, NY) as described by Grainger et al. (21) . Before each measurement, medium was added to the apical chamber. TEER was calculated by subtracting the resistance of a cell-free culture insert and correcting for the surface area of the Transwell plate cell culture support.
cAMP-dependent iodide efflux assays. cAMP-dependent iodide efflux assays were performed as previously described (9, 10) in order to assess the functionality of CFTR. Briefly, cells were cultured to 90% confluence in six-well plates and labeled with 15 Ci/well 125 I for 1 h at room temperature. The cells were washed six times and covered with efflux buffer (119 mM Na gluconate, 1.2 mM K 2 HPO 4 , 0.6 mM KH 2 PO 4 , 25 mM NaHCO 3 ). Supernatants were collected over time, and the buffer was replaced with fresh efflux buffer every minute. When indicated, efflux buffer containing 0.5 mM 2Ј-O-dibutyryl cAMP (dibutyryl cAMP), 10 M 3-isobutyl-1-methylxanthine (IBMX), and 10 M forskolin (cAMP buffer) was added. Supernatants were then collected, and fresh cAMP buffer was added to cells every minute for the remainder of the experiment. The radioactivity of the supernatants was determined in a gamma counter. 2Ј-ODibutyryl cAMP, 3-isobutyl-1-methylxanthine, and forskolin were from Sigma (Oakville, ON, Canada).
Apical surface liquid measurements. Cells were grown for 9 to 10 days in Transwell plates at the air interface. The basal medium was then supplemented or not with 0.5 mM 2Ј-O-dibutyryl cAMP, 10 M 3-isobutyl-1-methylxanthine, and 10 M forskolin; the cells were incubated at 37°C in 5% CO 2 for 24 h, and the volume of apical surface liquid was measured.
Cell infection assays. Cell infection assays were performed as previously described with few modifications (35) . Briefly, cells were seeded at ϳ1.5 ϫ 10 5 cells/insert on 12-well Transwell plates and cultured for 9 to 10 days in an air-liquid system. This yielded to 1 ϫ 10 6 nuclei/insert independently of the cell line used (see protocol for Hoechst staining below). The complete medium in basal compartments was replaced by the invasion medium (1% FBS and no antibiotics) 18 h before the invasion assay. Inocula were prepared by suspending bacteria grown for 20 h on BHI agar plates in ice-cold phosphate-buffered saline (PBS). Bacteria were then washed three times in ice-cold PBS and suspended in the invasion medium supplemented with 0.5% bovine serum albumin (BSA) at a density of approximately 4 ϫ 10 8 CFU/ml. Results were corrected according to inoculum density. Cells were washed twice with PBS, and 250 l of bacterial suspension was apically added to each insert. Invasion was allowed for 3 h, and inserts were emptied and washed three times with PBS. Invasion medium supplemented with 20 g/ml of lysostaphin (Sigma) was then added to both apical and basal compartments to kill extracellular bacteria and the cells were further incubated for the indicated time. The use of lysostaphin to kill extracellular normal and SCV bacteria was previously validated in cell invasion assays (38, 61, 63, 65, 67) . The concentration of lysostaphin used in our assays was at least 2.5-fold higher than the MICs of lysostaphin determined against a collection of 40 strains of S. aureus that included 17 normal-SCV coisolate pairs. The MICs of lysostaphin against strain CF07-L and SCV CF07-S were identical (4 g/ml). Dimethyl sulfoxide (DMSO), CFTRinh-172 (EMD-Calbiochem, Mississauga, Ontario, Canada), human recombinant tumor necrosis factor alpha (TNF-␣; Bioshop, Burlington, ON, Canada), lipopolysaccharide (LPS) from Escherichia coli O127:B8 (Sigma), and the NF-B activation inhibitor 6-amino-4-(4-phenoxyphenylethylamino)quinazoline (QNZ; EMD-Calbiochem) were added after bacterial invasion when indicated in order to evaluate the postinvasion effect of these molecules. At 24 h postinvasion and/or 1 h before cell lysis, cells were washed again once with PBS and the invasion medium supplemented with lysostaphin was replaced to ensure that no bacteria survived or replicated outside cells. At the end of the incubation time and following three washes with PBS, cells were detached with 100 l of 0.25% trypsin and lysed for 10 min by the addition of 400 l of water containing 0.05% Triton X-100. The use of Triton X-100 allowed optimal recovery of intracellular S. aureus bacteria. Lysates were serially diluted 10-fold and plated on agar for CFU determination.
Fluorescence microscopy. For microscopic examination following the cell invasion protocol, cells on inserts were fixed for 120 min in 4% paraformaldehyde in PBS instead of being lysed. They were then permeabilized with a 5-min incubation in 50% methanol at Ϫ20°C, followed by a 10-min incubation at room temperature in PBS supplemented with 50 mM glycine, 0.06% saponin, 0.06% Tween 20, 0.5% NP-40, and 0.5% Triton X-100 (PBSP). The permeabilized cells were then incubated for 30 min with Image-iT FX signal enhancer (Invitrogen, Burlington, ON, Canada). S. aureus was probed with the rabbit antibody AB20920 (Abcam, Cambridge, MA) at 1:250, and F-actin was stained with Alexa Alexa Fluor 555 goat anti-rabbit IgG (Invitrogen) at a dilution of 1:1,000 in PBSB. The DNA was then stained for 10 min with Hoechst (Invitrogen) at 1:5,000 after five washes in PBSD and five washes in water. Inserts were washed five other times in water and were mounted in Prolong Gold antifade reagent (Invitrogen). Pictures were taken using an inverted Olympus IX 70 microscope with a Cool SNAP-Pro cf. monochrome camera and Image-Pro Plus software, an Olympus Fluoview FV 300 confocal system, or a Zeiss microscope equipped with the ApoTome system. To obtain transversal section images, fixed inserts were embedded in paraffin with the standard method and 7-m cross sections were deparaffinized before they were labeled. Light and transmission electron microscopy. Cells on inserts were fixed for 1 h in 0.1 M cacodylate buffer (pH 7.2) containing 2% paraformaldehyde, 2.5% glutaraldehyde, 2 mg/ml tannic acid, 0.3 mg/ml saponin, 50 mM KCl, and 5 mM MgCl 2 ; rinsed three times in 0.1 M cacodylate buffer; and postfixed for 1 h in the dark with OsO 4 at 4°C. Samples were then washed three times in H 2 O, incubated for 1 h in a solution of 2% uranyl acetate, and washed again three times in H 2 O. Samples were dehydrated by subsequent 5-min incubations in 50%, 70%, 90%, and 100% ethanol (3 times) and 1:1 ethanol-acetone (2 times). Samples were incubated in a solution of lead acetate, washed twice in 1:1 ethanol-acetone, washed twice in propylene oxide, and embedded in Epon. For light microscopy, sections of 1 m were mounted on slides and stained in toluidine blue (1.0% [wt/vol] toluidine blue in 1% aqueous sodium borate) for 1 min and examined in a Zeiss Axio Imager.Z1 light microscope. For electron microscopy, sections of 90 nm were examined in a Philips EM 201 electron microscope at an operating voltage of 60 kV.
Cell viability assays. The effect of CFTRinh-172 on cell viability was determined by a 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)-based assay. Briefly, Calu-3 cells were seeded at ϳ2 ϫ 10 4 cells/well in 96-well plates and grown to confluence. The cells were then incubated with CFTRinh-172 at concentrations up to 300 M for 24 h at 37°C in 5% CO 2 in complete medium. Cells were washed 3 times in Earle's balanced salt solution (EBSS) (Invitrogen) and incubated with 100 l/well of a PBS-EBSS 1:1 mixture containing 3.75 g/ml of phenazine methosulfate (Sigma) and 0.5 mg/ml of the XTT reagent (Invitrogen) for 45 min in the dark at room temperature. The A 450 was measured using a microplate reader (Bio-Tek Instruments). All assays were performed using four replicates.
Statistical analysis. Intracellular bacterial CFU ratios (see the figure legends for specifications) were transformed in base 10 logarithm values, before being used for statistical analyses that were carried out with GraphPad Prism software (version 5.00). Statistical analyses on qPCR data were done on mean ⌬C T values. The statistical tests used for the analysis of each experiment are specified in the figure legends.
RESULTS
Development of an infection model using non-CF and CFlike polarized airway epithelial cells grown at the air-liquid interface. The Calu-3 cell line produces features of differentiated human airway epithelial cells and forms tight junctions when it is grown in vitro. These junctions allow it to be used as a model of the airway epithelial barrier (21) . As shown in Fig. 1A , the Calu-3 cells form a pseudostratified layer of columnar cells with a rugged apical topography when they are grown at the air-liquid interface for 10 days. Apical microvilli and tight junctions were also detected by transmission electron microscopy ( Fig. 1B and  C) . After a few days of culture, Calu-3 cell layers produced an effective barrier to hydrostatically driven medium from the basolateral to the apical side and reached a transepithelial electrical resistance above 1,000 ⍀ ⅐ cm 2 (data not shown). In order to compare non-CF and CF-like cells in the Calu-3 background, stable cell lines expressing shCFTR ALTER or shCFTR shRNAs were used (42). As mentioned above, shCFTR ALTER cells act as the control cells that express an shRNA with a nucleotide sequence that does not match nucleotide sequences from any known cloned cellular proteins, whereas shCFTR cells express an shRNA directed against CFTR. Figure 1D and E confirm that shCFTR cells have an abolished CFTR activity, while the functionality of CFTR is preserved in shCFTR ALTER cells. We first performed cAMPdependent iodide efflux assays in order to assess the functionality of CFTR (9, 10 and dibutyryl cAMP secreted high levels of 125 I, whereas this was not observed with the shCFTR cells (Fig. 1D ). This confirmed the abnormal CFTR activity in shCFTR cells. The apical-basolateral fluid transport across cultured epithelial cells is also associated with the activity of CFTR (17) . Figure 1E shows that the transport of liquid across the epithelial barrier formed by shCFTR cells was indeed not stimulated with IBMX, forskolin, or dibutyryl cAMP in comparison to Calu-3 and shCFTR ALTER cells. This further demonstrated that the normal level of CFTR activity is importantly reduced by the expression of shCFTR shRNA. Noteworthy, all cell lines still reached a significant transepithelial electrical resistance when they were grown at the air-liquid interface, and no significant difference in the number of Hoechst-stained nuclei per microscopic field was observed between cell lines after 10 days of growth under these conditions (data not show). These Calu-3 cell-derived cell lines were used in order to develop an infection model of polarized airway epithelial cells allowing the comparison of non-CF and CF-like backgrounds.
To allow comparison of outcomes when using different bacterial strains, the cell invasion protocol was adjusted to set the internalization level of normal strains (e.g., CF07-L) below saturation (Ͻ1 CFU/cell) but above the CFU detection limit of the system. In order to confirm the internalization of bacteria in polarized epithelial cells, we acquired z-series images of Calu-3, shCFTR ALTER , and shCFTR cells infected with a normal S. aureus (CF07-L) strain and its SCV counterpart (CF07-S) using confocal microscopy at 24 and 48 h postinvasion. Bacteria and cellular F-actin were detected using a specific S. aureus antibody and phalloidin, respectively (see Materials and Methods). Detection of actin was used to reveal cell shapes, as actin is known to have extensive and intimate interactions with cellular membranes. Figure 2A Fig. 2C is in the middle of the cell layer (stacked microscopic images taken from 7.5 to 10 m from the bottom of the insert). Figure 2D shows a transversal section of shCFTR ALTER cells grown on Transwell plates infected with the SCV CF07-S, where bacteria, actin, and nucleus (stained in blue using Hoechst staining) are revealed. Images from Fig. 2 clearly show the intracellular localization of S. aureus when polarized epithelial cells are infected according to our protocol. Overall, this section validates an intracellular infection model using non-CF and CF-like polarized airway epithelial cells derived from the Calu-3 cell line.
Characterization of genetically related normal CF07-L and SCV CF07-S strains coisolated from a CF patient. The genetic relatedness of the CF07-L and CF07-S coisolates was demonstrated by MLVA (37) with a protocol previously described and validated (33, 50, 57) . Accordingly, the sequences of MLST gene fragments that we determined for strains CF07-L and CF07-S were 100% identical and corresponded to the ST45 lineage, which is frequent among human isolates (12) . Some of our previous studies examined the growth, adhesion properties, biofilm formation, and virulence gene expression of the SCV strain, CF07-S (34, (36) (37) (38) , but these characteristics were not always directly compared to those of the normal phenotype counterpart, CF07-L. Figure 3 now compares the growth characteristics of the CF07-L and CF07-S strains and the expression of some key virulence genes. Figure 3A and B confirmed that the growth rate of CF07-L is higher than that of CF07-S and that CF07-S forms pinpoint colonies when it is streaked and grown on agar plates. Noteworthy, CF07-S is an SCV auxotroph for menadione; i.e., it grows at a normal rate in the presence of this supplement (38) . The SCV phenotype of CF07-S is relatively stable, and reversion to the normal phenotype is rarely observed when the strain is streaked on agar plates (Fig. 3C) . Accordingly, non-SCV colonies were rarely detected from CF07-S inocula used for cell invasion assays (e.g., the detection threshold was approximately 2.5 ϫ 10 Ϫ7 normal colony/SCV colony). The low reversion rate of CF07-S is thus very useful for our cell invasion assays that compare the intracellular persistence of normal and SCV phenotypes. The use of a naturally occurring SCV instead of a laboratory-derived mutant (e.g., an SCV hemB mutant) that possibly lacks compensatory mutations and the intrinsic ability of natural SCV to switch back to the normal phenotype further support the choice of the CF07-S and CF07-L coisolate pair for our experimental objectives. Indeed, the switch between the SCV and normal phenotypes and vice versa is thought to be an important part of S. aureus pathogenesis (61) , and the use of naturally occurring SCVs rather than laboratory mutants should be encouraged in studies comparing S. aureus interactions with the host or host cells.
The hemolytic activity of strain CF07-S was lower than that of strain CF07-L (Fig. 3D) , as is usually observed for other SCV and normal strain pairs (45, 53) . The expression of genes known to be differentially modulated between normal and SCV strains was also studied in CF07-L and CF07-S (Fig. 3E to  H) . Results confirmed that the SigB activity marker gene asp23 and the gene encoding the fibronectin binding protein A (fnbA) are both upregulated in CF07-S in comparison to CF07-L (Fig. 3E and F) . The expression of asp23 and fnbA is indeed known to be positively influenced by the activity of SigB and to be upregulated in SCVs (34, (36) (37) (38) 54) . As anticipated from previous studies (27, 34, 38) , the hld (encoding the ␦-hemolysin and encompassing a fragment of RNAIII, the effector of the agr system) and hla (encoding the ␣-hemolysin) genes were downregulated in CF07-S in comparison to CF07-L ( Fig.  3G and H) . Overall, this section confirmed that strains CF07-L and CF07-S behave in the manner usually observed for other S. aureus normal and SCV strain pairs (45, 53) .
Both non-CF and CF-like polarized airway epithelial cells are more infected by an SCV than by a normal S. aureus strain. SCVs are believed to have an increased ability to invade and persist within nonphagocytic host cells (45, 53) . One of our aims was to confirm that SCVs could infect cells of the Calu-3 background, including shCFTR ALTER and shCFTR cells. We used the genetically related normal CF07-L and SCV CF07-S strains to perform those experiments. Figure 4A shows fluorescence microscopy pictures obtained from noninfected Calu-3 cells or from cells that were infected by CF07-L or CF07-S. These 48-h postinvasion images clearly demonstrate that SCV CF07-S causes a higher level of intracellular infection than normal strain CF07-L. Similar results were obtained with shCFTR and shCFTR ALTER cells using fluorescence microscopy (data not shown). Results on Fig. 4B confirm the microscopy results and demonstrated that SCV CF07-S has the ability to replicate within Calu-3 cells, whereas CF07-L does Figure 4C shows that significantly more SCV CF07-S CFU than normal CF07-L CFU was indeed recovered from the three cell lines at 48 h postinvasion. These observations suggest that SCV CF07-S is able to cause a higher level of cellular infection in comparison to its normal counterpart independently of the cell line used in this study. These observations were also confirmed using another pair of coisolated and genetically related SCV and normal CF strains (data not shown). Noteworthy, despite the use of naturally occurring SCV strains in these cell invasion assays, normal-size colonies were rarely recovered from cells at 48 h postinvasion. Normal and SCV strains infect CF-like cells more than non-CF cells. Using nonpolarized monolayers, it was previously suggested that the fate of S. aureus intracellular infections may be different in CF epithelial cells than in their normal counterparts (23) . Consequently, we next compared infections of polarized non-CF and CF-like cell lines by normal S. aureus strains as well as by SCVs. Figure 5A shows that more colonies (CFU) from two normal strains and one SCV strain were recovered from shCFTR (CF-like) than from shCFTR ALTER (non-CF) cells at 24 h postinvasion. This demonstrates that the levels of infection obtained by S. aureus in polarized cells with an altered CFTR function can be higher than those reached in non-CF cells. Infection kinetics with CF07-L and CF07-S in both cell lines (non-CF and CF-like) were also determined in order to discriminate between differences in infection levels caused by invasion (evaluated at 0.5 h postinvasion) or postinvasion mechanisms (evaluated at 24 and 48 h postinvasion). Figure 5B shows that although there was not a significant difference between the invasion of CF07-L in both cell lines (0.5-h time point), the survival of the strain was higher in CF-like shCFTR cells than in shCFTR ALTER cells at 24 h postinvasion. On the other hand, SCV CF07-S showed a significantly higher invasion rate in shCFTR cells in comparison to that found in shCFTR ALTER cells ( Fig. 5C ; 0.5-h time point), and thereafter, the high number of intracellular CFU recovered for the SCV strain was sustained up to 48 h postinvasion independently of the cell line used (Fig. 5C) . Overall, these results show that polarized CF-like cells are more susceptible to infection by S. aureus strains (normal and SCV) than non-CF cells.
CFTRinh-172 confirms that a CFTR-dependent postinvasion mechanism helps reduce the infection of polarized cells by normal and SCV strains. In order to further demonstrate the importance of CFTR function in the observed differences in infection levels between non-CF and CF-like cells, the CFTR inhibitor CFTRinh-172 (32) was used. As expected, we first showed that CFTRinh-172 inhibited the activity of CFTR in Calu-3 cells by using 125 I efflux assays and measurements of apical fluid transport under stimulation with IBMX, forskolin, and dibutyryl cAMP (data not shown). Importantly, we also verified that incubation of cells with CFTRinh-172 at concentrations up to 300 M did not significantly affect cell viability compared to untreated cell viability by using an XTT-based assay (one-way analysis of variance [ANOVA], followed by Dunnett's posttest). CFTRinh-172 was then added to cultures of polarized Calu-3 cells, after allowing cell invasion (i.e., at 0 h postinvasion), in order to evaluate the postinvasion effect of CFTR activity on S. aureus infection levels. Figure 6A shows that when CFTRinh-172 was added to cells infected with CF07-L, more bacteria were observed at 24 h postinvasion. This experiment was also done with Calu-3 cells infected with SCV CF07-S (Fig. 6B) and showed that the CFTR inhibitor further increases infection by this SCV. DMSO as a control) and infected with CF07-L (Fig. 6C ) and CF07-S (Fig. 6D ) and reveals that our microscopic observations can be supported by statistically significant quantitative data. Overall, this section suggests that a CFTR-dependent postinvasion mechanism helps reduce the infection of polarized epithelial cells by both normal and SCV S. aureus strains. NF-B activation increases the infection of pulmonary epithelial cells by S. aureus. We also tested the hypothesis that the increased infection level observed in CF-like cells or in Calu-3 cells treated with CFTRinh-172 is associated with an activation of NF-B. Indeed, it was previously shown that CFTR is a negative regulator of the NF-B-mediated innate immune response (22, 64) and that the NF-B status may influence the interaction between S. aureus and the host cells (41, 66) . Importantly, it was suggested that NF-B may influence the internalization of S. aureus (41) , but to date, there has been no demonstration that NF-B can influence the course of S. aureus infections after cellular invasion. Figure 7A and B shows that postinvasion treatments of cells with LPS and TNF-␣, two well-known activators of NF-B (43), increased the numbers of CFU of CF07-L recovered from Calu-3 cells at 24 h postinvasion. In order to be sure that these results were associated with NF-B, we also used the NF-B activation inhibitor QNZ (29, 59) . Indeed, LPS-and TNF-␣-induced S. aureus cellular infections were abolished in the presence of the NF-B activation inhibitor QNZ (Fig. 7C) . Moreover, the presence of QNZ also abolished CFTRinh-172-induced S. aureus cellular infections with both normal (Fig. 7C) and SCV (Fig. 7D) strains. These results suggest that activation of NF-B can increase the infection levels of pulmonary epithelial cells by both normal and SCV S. aureus strains after invasion and that inhibition of CFTR functions may trigger such a mechanism.
DISCUSSION
Several investigators have observed that the level of differentiation of cells used for bacterial invasion experiments may alter the interaction between pathogens and host cells (11, 18, 39, 44) . We therefore determined that there was a need to develop and validate an infection model using CF polarized epithelial cells to study cellular invasion with bacterial pathogens commonly encountered by CF patients. Calu-3 cells can form a layer of polarized columnar cells with apical microvilli and tight junctions when they are grown at the air-liquid interface, and such cells are thus useful as a model representative of the airway epithelium (21) . This study developed and characterized an S. aureus infection model allowing the comparison of non-CF and CF-like backgrounds in polarized Calu-3 cells grown at the air-liquid interface. The use of Calu-3 cells expressing a short hairpin RNA directed against CFTR to create a CF-like background has been validated and discussed elsewhere (42) .
Several studies suggested that SCVs have a greater ability to infect host cells (53, 60) . Our results confirmed that this is true for both non-CF and CF-like polarized airway epithelial cells. SCVs are indeed particularly endowed with strategies to infect host cells: their adherence and uptake by host cells are increased (36, 38, 62) , they cause less damage to host cells (3, 4, 60) , and they seem to be more resistant to intracellular host defenses (5, 52, 60) . These abilities are related to the moderate virulence of SCVs that fail to activate the quorum-sensingdependent agr system and to the predominant role of the alternative sigma factor SigB that allows expression of genes encoding surface proteins, adhesins (such as the fibronectinbinding protein FnBA), and proteins involved in stress tolerance (34, (36) (37) (38) .
One of the striking results of this study is that SCVs are more internalized by cells that have a defect in CFTR expression than by normal cells. The reason for this difference between the two cell lines is not known, but it is possible that the SCV cellular receptor(s) may be differentially distributed or expressed in CF-like cells in comparison to non-CF cells. As an example, it was shown that CF cells express an increased number of asialylated glycolipids such as asialo-GM1 (51), which is known to be a receptor for many pulmonary pathogens, including S. aureus (28) . We also cannot exclude the possibility that S. aureus invasion may be helped by an atypical distribution of the ␣ 5 ␤ 1 integrin (44) in shCFTR cells in comparison to that taking place in normal shCFTR ALTER cells. Indeed, S. aureus is able to invade host cells by indirectly binding to ␣ 5 ␤ 1 integrins via fibronectin (55), a strategy which may be especially important for SCVs that show a strong and sustained expression of fnbA (36, 62) .
Our results strongly suggest that a defect in CFTR helps S. aureus to achieve higher levels of infection after invasion. Accordingly, we observed a reduction of infection with the SCV strain CF07-S by treating non-CF Calu-3 cells with activators of CFTR (IBMX, forskolin, and dibutyryl cAMP) after cellular invasion (data not shown). Jarry and Cheung (23) suggested a model in which S. aureus escapes the normal endocytic/degradative pathway by entering the cytoplasm of CF host cells, thus avoiding degradation within the lysosomal compartment. Another study showed that CFTR regulates acidification and alters the bactericidal activity of macrophages (14) . It is thus possible that the antibacterial activity of CF epithelial cells is similarly altered and facilitates intracellular survival of S. aureus. Calu-3 cells are known to produce several antimicrobials (24, 46) , and it is also possible that the production or activity of these molecules is differentially modulated in non-CF and CFlike backgrounds (15, 24) . Moreover, it was observed that the induction of apoptosis is defective in CF cells in comparison to non-CF cells (8) , and this may allow the population of bacteria to reach a higher density in CF cells before their ultimate death. The exact mechanism(s) for the very productive infections that we observed in cells with abnormal CFTR functions remains unknown. While further investigations are required, such as studies using primary epithelial cell cultures from non-CF and CF patients, our results agree with the conclusion that normal CFTR functions help reduce S. aureus intracellular infection.
It was demonstrated that the internalization of S. aureus by bovine endothelial cells is associated with the status of NF-B (41), but the impact of the activity of NF-B on cellular mechanisms influencing S. aureus intracellular multiplication had never been investigated prior to the present study. It is well established that NF-B regulates apoptosis (43) , and it was recently observed that S. aureus-induced apoptosis is influenced by NF-B (66) . It is therefore possible that the activation of NF-B delays or alters the induction of apoptosis in infected host cells and allows S. aureus bacteria to reach a higher density per cell. This study shows that activation of NF-B can indeed increase the infection levels of pulmonary epithelial cells by S. aureus at 24 h postinvasion and that inhibition of CFTR functions may trigger such a mechanism. However, the relation between CFTR, NF-B, and the induction of apoptosis during infection of airways epithelial cells still remains to be specifically studied. This report supports the hypothesis that long-term colonization of lungs by S. aureus may be facilitated by the proinflammatory status found in CF. We showed that CFTR malfunction helps intracellular infections, and since the intracellular milieu itself may trigger the formation of SCVs (63), it is possible that phenotypic switching further encourages the persistence of bacteria in the lungs of CF patients.
